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A control method is provided by which a laser output can be 
controlled through the use of a signal provided by a photo- 
diode that receives a reflected ratio of the laser output signal. 
A time varying signal is added to the low magnitude portions 
of an electrical data input signal to the laser. This first 
electrical monitoring signal, which is essentially an average 
output from the photodiode because of its frequency 
response, is then passed through a low pass filter to provide 
a second electrical monitoring signal. The first electrical 
monitoring signal is multiplied by a time varying signal to 
provide a third electrical monitoring signal. The time vary- 
ing signal, which can be a sinusoidal waveform, is added to 
the low magnitude portions of an electrical input signal 
provided to the laser. The third electrical monitoring signal 
is averaged over time by a low pass filter to provide a fourth 
electrical monitoring signal. Therefore, by adding the time 
varying signal, or tone, to the electrical input signal of the 
laser, the output power of the laser can be controlled so that 
the laser is operated at an appropriate threshold magnitude 
and with an appropriate depth of modulation, regardless of 
possible temperature effects on the operating characteristics 
of the laser. 

20 Claims, 17 Drawing Sheets 
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METHOD FOR CONTROLLING THE A preferred embodiment of the present invention provides 

OPERATION OF A LASER a method for controlling the operation of a type of laser 

which provides a digital output signal in response to receiv- 

BACKGROUND OF THE INVENTION ing * digital electrical input signal which consists of low 

5 magnitude portions and high magnitude portions. The 

1. Field of the Invention method comprises the step of adding a time varying signal 
The present invention generally relates to a method for to the low magnitude portions of the digital electrical input 

controlling a laser and, more specifically, to a method for signal. The time varying signal, or tone signal, has a 

controlling the output of a vertical cavity surface emitting frequency that is much lower than the frequency of the 

laser (VCSEL) by adding a time varying signal to a prese- 10 digital electrical input signal and it has an amplitude that is 

lected portion of a digital data signal in order to be able to much less than toe amplitude of the digital electrical input 

control the operation of the laser by monitoring the average signal. 

power of a portion of the light output from the laser. The method of the present invention further comprises the 

2. Description of the Prior Art ste P of causing a representative ratio of the digital light 

j . . % . 4 k output signal to be received by a light sensitive component. 

In certain applications of lasers, it is necessary to monitor 15 " * , , J 1 * , c 

P .f i- t 4f tU , r j This can be done in several ways. One possible method for 

the power of the light output from the laser. In edge emitting , , ■ j ■ * -j n 

i *w f, *• ■ Zc jl * ■% > i . j • » causing the ratio to be received is to provide a partially 

lasers, this function is performed by providing a photodiode „ t ? . c A , t^,™ • . - i i . , c 

r £ , ; r t . / r , reflective lens for the VCSEL m which a preselected ratio of 

to receive a portion of the light output from the edge . , . ; . „ , , , , ^ j fl. 

, ■ ii .« » 4 * i ■ « • i output light is reflected back toward the light sensitive 

emitting laser. Typically, the monitor photodiode is placed at v ^ i j -, - . , 

, .? . . . i_- if iL <■ i i- on component so that its bias level and depth magnitude can be 

a location opposite to that m which the operational bght 2U K ' , T , . . r *f b . 

* * c*u i . j. , , W(L , • ^- i •* mom tored. In a typical apphcation of the present invention, 

output of the laser is directed. If the laser is a vertical cavity , , . • L . I • j ^ i_ * 

Jc 1 n ,oprT\ • r • the light sensitive component is a photodiode. The photo- 
surface emitting laser (VCSEL), this monitoring function is j , , , . /„. , 7norT 

j • er- u ~. v , , - j r- r r *l diode can be placed at one side of the VCSEL within the 

more difficult. Since light is emitted from a surface of the ,,„ PrT , . , . Al . . iL xr/ ™, T , 

! . . , . t , f r . VCSEL housing structure. Alternatively, the VCSEL can be 

laser structure and not its edges, a portion of the light must . , . & t1 . c . : , , . 

, n * j l i * • i ■ l.* * * 7 i_ t< placed in a central portion of a photodiode and be sur- 

be reflected back toward a light sensitive component such as 25 r , , , , A r ,. , 4 . r , 

a photodiode. The reflection of a preselected ratio of the light r0 " nd f cd * the P^'^ode material. Either way is accept- 

, , c .1.1 u v u j u • 1 sole for use in conjunction with the method of the present 

output from the laser can be accomplished by using a lens invention 

that is partially mirrored so that a portion of the light output m ^ n 0n ' ..... 

from the laser is reflected back from the lens and falls upon . ?> e P re f nt ,nven,10n «>nipnses the step of pro- 

a photodiode 30 V1£ ^ n 8 a firs' electrical monitoring signal from the light 

.„ ' , .... , , sensitive component, or photodiode, which is representative 

As will be described m greater detail below, high speed of an a e vlhle of the & ^ ^ t sJ , Qver 

digital signals present a particukr problem in terms of ^ The kioD of this first electrfcal monitoring signal 

mom oring the output of a VCSEL. In a high speed digital can occur norma „ jf ^ B ht c ent such as 

signal, me nse and fall of the magmtude of electrical current ^ hotodiode> has a freqllen cy response which is signifi- 

passing through the VCSEL occur at such a rapid rate that canU lgss (han (he fl of tne ^ ital u nt out , 

the momlonng photodiode is unable to provide a raonitonng si ^ , f a photodiode ^ used m the light scnsitivc com . 

signal that is sufficiently responsive to yield ^information , and , he ^ m gi ^ hag g { jn 

regarding the depth of the signal (i.e. the difference in 6Xcess of a oximatcl ten tim6S the low freqU ency 

magnitude between the on pulses and the off pulses) or the bandwidth the &tsl e i ectrical m0 nitoring signal provided by 

bias level of the signal. This inability to track the rapid the hotodiode wiu 5e equivalenl t0 an average value of the 

pulses with a photodiode is further complicated by the ef received fe me hotodiode , ^ u nt com . 

complicated manner in which the bias level and depth ( has a fr ue r e such that me frequency of 

magnitude of the signal can interact with each other to me time ; rf al tim of the representative ratio of 

change their individual magnitudes without actually chang- ^ B h , QU gi al & and ^ ^ b 

ing the average power level of the signal which is the only ^ &fsl &lcclticil monitorillg signa i wh ;i e , he higher f re . 

vanable that can be directly monitored by the photodiode. quency changes of ^ representative ratio 5elween the nigh 

It would therefore be significantly beneficial if a method magnitude portions of the digital light output signal and low 

of controlling a VCSEL could be developed in which the magnitude portions do not pass and are not represented by 

average power monitoring signal provided by a photodiode JQ , be monitoring signal other than in their combined effect on 

could be sufficient to permit the control system to determine me average power received by the light sensitive compo- 

when cither the bias level or depth magnitude of the digital nen t. 

signal is improper and requires correction. In addition, it present invention com p rises me step of aver- 
would be significantly beneficial if this controlling method aging the fitst e i ec trical monitoring signal over time to 
could allow both the bias level and depth magnitude of the J5 provide a second electrical mon i t0 ring signal. It should 
signal to be corrected during operation without adversely clearly be unders , ood that the second electrical monitoring 
affecting the accurate correspondence between the light signa] js> ^ 6ffect> an averag6 of aQ averag6 signal si[Ke , he 
output pulses from the laser and the electrical input pulses first electr i ca i monitoring signal provided by the light sen- 
received by the laser. sitive component is, in actuality, an average power signal of 

SUMMARY OF THE INVENTION 60 *» Ught reCeived by the Ught com P onent - 

The present invention further comprises the step of mul- 

The present invention provides a method for controlling tiplying the first electrical monitoring signal by the time 

the a vertical cavity surface emitting laser (VCSEL) that varying signal in order to provide a third electrical moni- 

allows both the bias level and depth magnitude of a light toring signal. This third electrical monitoring signal is the 

output signal from the laser to be individually controlled by 65 result of multiplying the average power signal received from 

monitoring only the average power level of a reflected the light sensitive component by the original time varying 

portion of the light output signal signal, or tone signal, that was used in the adding step of the 
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present invention to be added to the low portions of the 
digital electrical input signal. 

The present invention further comprises the step of aver- 
aging the third electrical monitoring signal over time to 
provide a fourth electrical monitoring signal. 

The present invention also comprises a step of controlling 
the magnitude of the low magnitude portions of the digital 
electrical input signal and the differential magnitude 
between the low magnitude portions and the high magnitude 
portions of the digital electrical input signal as a function of 
the second electrical monitoring signal and the fourth elec- 
trical monitoring signal. 

In a preferred embodiment of the present invention, the 
time varying signal is sinusoidal and the laser is a vertical 
cavity surface emitting laser, or VCSEL* In certain embodi- 
ments of the present invention, the adding step limits the 
addition of the time varying signal to a preselected section 
of each of the low magnitude portion of the digital electrical 
input signal. In other words, although certain embodiments 
of the present invention can add the sinusoidal tone signal to 
the entire duration of each of the individual low magnitude 
portions, this is not required in all embodiments. 
Alternatively, the tone signal can be added to preselected 
segments of the individual low magnitude portions. These 
preselected segments can be central to the magnitude low 
portions. For example, in certain embodiments of the present 
invention,, these preselected sections are separated by time 
by a predetermined period from the immediately preceding 
high magnitude portion of the digital electrical input signal 
and the immediately succeeding high magnitude portion of 
the digital electrical input signal. In other words, the tone 
signal can be added to a centralized region, or centralized 
preselected section, of the low portion of the digital elec- 
trical input signal between the most recent falling edge of a 
high portion and the next rising edge of a high portion. 

In certain embodiments of the present invention, the 
adding step can further comprise adding a preselected signal 
to the high magnitude portions of the digital electrical input 
signal, wherein the signal that is added to the high magni- 
tude portions is 180 degrees out of phase from the time 
varying signal added to the low magnitude portions. An 
alternative to this adding step could comprise adding a 
signal to the high magnitude portions which is 90 degrees 
out of phase with the time varying signal instead of 180 
degrees out of phase. Stated more generally, the adding step 
could possibly comprise adding a preselected signal to the 
high magnitude portions of the digital electrical input signal, 
wherein the added signal is out of phase with the time 
varying signal by a preselected magnitude of degrees. That 
preselected magnitude of degrees can be any magnitude. In 
certain embodiments of the present invention, this magni- 
tude can be 90 degrees or 180 degrees, but the scope of the 
present is not limited by these exemplary values. 

In certain embodiments of the present invention, the 
causing step comprises a step of providing a partially 
reflective lens, through which the digital light output signal 
passes and from which the representative ratio of the digital 
light output signal is reflected. This light is reflected back 
toward the light: sensitive component, or photodiode, so that 
the photodiode can provide the first electrical monitoring 
signal. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention will be more fully and completely 
understood from a reading of the Description of the Pre- 
ferred Embodiment in conjunction with the drawings, in 
which: 
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FIGS. 1A and IB illustrate that two signals of signifi- 
cantly different characteristics can yield the same average 
power reading; 

FIG. 2 is a graphical representation of the operating 
s characteristic of a typical VCSEL; 

FIG. 3 shows how the operating characteristic of a 
VCSEL can change in response to changes in temperature; 

FIGS. 4A and 4B show two potential deleterious results, 
1Q that can occur if the threshold and bias current of a laser are 
not properly controlled and regulated; 

FIG. 5 is a cross sectional representation of an exemplary 
VCSEL; 

FIG. 6 is a top view of a photodiode and VCSEL 
15 illustrated in FIG, 5; 

FIG. 7 is a graphical representation of a data output signal 
from a VCSEL and the average power of that signal mea- 
sured over time; 

FIG. 8 is a highly schematic representation of the opera- 
20 tion of the present invention; 

FIG. 9 shows a time varying signal, or tone signal, used 
by the present invention; 

FIG. 10 shows a current signal that results from combin- 
25 ing a data signal with the time varying signal of FIG. 9; 
FIG. 11 shows the power of the reflected light signal 
received by the photodiode and the output signal from the 
photodiode; 

FIG. 12 shows the third electrical monitoring signal; 
30 FIG, 13 shows the first and second electrical monitoring 
signals; 

FIG. 14 shows the third and fourth electrical monitoring 
signals; 

35 FIG. 15 shows the relationship between the tone ampli- 
tude and the bias current; 

FIG. 16 is a graphical representation of the fundamental 
frequency, the second harmonic and the third harmonic of 
the tone signal; and 

40 FIG. 17 is a functional schematic illustration of a con- 
trolling circuit that can be used to implement the steps of the 
present invention. 

DESCRIPTION OF THE PREFERRED 
45 EMBODIMENT 

Throughout the Description of the Preferred Embodiment, 
like components will be identified by like reference numer- 
als. 

50 FIGS. 1A and IB illustrate a basic problem that must be 
solved with regard to the control of a laser output. FIGS. 1A 
and IB show two pulse streams, 10 and 12, that vary 
significantly in two different characteristics. Pulse stream A 
is shown having a bias power level P BfAS and a certain 

55 magnitude of depth between the power of the low magnitude 
portions and high magnitude portions of the signal. Also 
shown in FIG. 1A is the average power P^vc o ve ^ time of 
signal 10. Signal 12, shown in FIG. IB, also has a bias level 
P B£AS and a magnitude of depth between its low magnitude 

60 portions and high magnitude portions. In addition, the 
average power V AVG is shown in FIG. IB for signal 12. 

By comparing FIGS. 1A and IB, it can be seen that two 
signals, 10 and 12, of significantly different bias power 
levels }* BfAS and magnitudes of depth can result in the same 

65 average power V AVG . FIGS. 1A and IB illustrate that, 
according to techniques known by those skilled in the art, 
controlling the bias level and magnitude of depth of a digital 
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signal, when only the average power P AVG is available for 
this purpose, is not possible. Unfortunately, in many types of 
VCSEL structure, only a photodiode is available for the 
purpose of monitoring the output of the laser. Since a 
photodiode docs not have a sufficiently high frequency 5 
response to provide an electrical signal corresponding to the 
type of light output signals represented in FIGS. 1A and IB, 
the photodiode can only provide an electrical monitoring 
signal representing the average power ¥ AVG of the light 
output signal, 10 or 12, over time. The present invention 
addresses this problem and provides a method by which the 
monitoring signal from the photodiode can be used to 
control both the bias level P BIAS ^ * ne magnitude of the 
depth between the low magnitude portions and high mag- 
nitude portions of the signal as a function of the average J5 
power level P^vc?- 

FIG. 2 shows an exemplary characteristic of the light 
output from a VCSEL in response to a current flowing 
through the VCSEL. As shown in FIG. 2, a certain threshold 
current 1 THRES h is required before light is emitted from the 20 
VCSEL. Then, increased current above the threshold current 
causes increased light to be emitted. This relationship is 
represented by line 20. In order to create a stream of light 
pulses from the VCSEL, the threshold current must be 
' changed from a magnitude less than the threshold current to 25 
a current greater than the threshold current in order to create 
the low magnitude portions and high magnitude portions of 
the light output signal. 

FIG. 3 shows how changing characteristics of a VCSEL 
can result in an improper light output magnitudes. VCSELs 30 
are sensitive to temperature variations changes in tempera- 
ture can change the operating characteristics of a VCSEL in 
various ways. For example, the threshold current 1 T hresh 
described above in conjunction with FIG. 2 can change as a 
function of temperature change. In addition, the slope of line 35 
20 in FIG. 2 can change as a result of a temperature change. 
Also in FIG. 3, line 20 represents the situation shown in FIG. 
2. In FIG. 3, the threshold current \ Tmt £ S fi> described above 
in conjunction with FIG. 2, is illustrated along with two 
decreased threshold currents, 30 and 32. This decrease in 40 
threshold current magnitude can result from a change in 
temperature. It should be understood that a temperature 
change can affect the threshold current by increasing it or 
decreasing it. Lines 34 and 36 correspond to the changes in 
threshold currents identified by reference numerals 30 and 45 
32, respectively. As can be seen, the lines, 34 and 36, are 
shifted from the position of line 20 as a result of the change 
in threshold current. 

With continued reference to FIG, 3, line 38 illustrates a, 
change in slope of line 20 even if the threshold current 50 
remains the same. Temperature variations can cause a 
VCSEL to experience a change in operating characteristics 
in which the slope of line 20 changes. FIG. 3 illustrates 
various types of effects on the operating characteristic of a 
VCSEL which can result from temperature change. 55 

FIG. 4A shows one operating characteristic of a VCSEL. 
The bias level \ BIAS of a current signal 40 is greater than the 



threshold level I 7 



of the VCSEL. As a result, the 



minimal current passing through the VCSEL is always 
sufficient to cause the VCSEL to emit light at a magnitude 60 
identified as the continuous wave CW in FIG. 4A. The 
modulated light 42 is the magnitude of the depth of the 
signal as described above in conjunction with FIGS. 1A and 
IB. FIG. 4A is intended to show how a current signal 40 is 
converted into a light signal 44 as a function of the operating 65 
characteristic 20 of a VCSEL. The situation represented in 
FIG. 4A is disadvantageous in certain applications because 



light is always emitted from the laser even when the current 
signal 40 is at its lowest magnitude. Under ideal conditions, 
the low magnitude portion 47 of a current signal 40 should 
cause no light to be emitted from the VCSEL. Light should 
only be emitted in response to the high magnitudes portions 
49 of the electrical signal. 

FIG. 4B illustrates a condition opposite to that shown in 
FIG. 4A. The bias current 1^^ of signal 40 is less than the 
threshold signal by a measurable amount. As a result, when 
signal 40 changes from its low magnitude portion 47 to its 
high magnitude portion 49, some finite period of time passes 
while the current rises from the bias level l BJAS to the 
threshold level I THRE&H . During this finite period of time, no 
light is emitted from the VCSEL. As a result, a time delay 
TO passes between the instant when the electrical signal 
begins to change from a low magnitude portion 47 to a high 
magnitude portion 49 and the time when the actual light 
emission begins. 

The conditions shown in FIGS. 4A and 4B are both 
disadvantageous for different reasons. The situation shown 
in FIG. 4A causes a constant emission of light from the laser. 
The light changes from low intensity to high intensity, but 
the continuous wave CW is always emitted. Preferably, 
signal 40 should result in periodic emissions of light sepa- 
rated by periods of no light emission. The condition repre- 
sented in FIG. 4B results when the bias current l BIAS of 
signal 40 is less than the threshold current. As described 
above in conjunction with FIG. 3, the threshold current 
^thresh °f tne laser can change as an result of a change in 
temperature. 

The conditions shown in FIGS. 4A and 4B represent 
circumstances that require correction. The correction can be 
accomplished by modifying the bias current \ BfAS so that it 
approximately equals the threshold current of the laser. As 
the threshold current changes because of a temperature 
change, the control circuit should be able to increase or 
decrease the bias current to conform to those changes and to 
provide a clean signal that emits light when the current 
signal 40 is high, but does not emit light when it is low. 
However, as will be described in greater detail below, most 
VCSELs are provided with a monitoring feature that is not 
able to respond with sufficient speed to detect the different 
magnitudes of the light output from the laser as it changes 
from the low magnitude portion to the high magnitude 
portion. Instead, most lasers are limited to using a photo- 
diode to receive a preselected ratio of the output light, as a 
reflected signal, and measure the average power P AVG of that 
reflected light. 

FIG. 5 illustrates an exemplary laser structure that can be 
used in a preferred embodiment of the present invention. 
Within a housing 50, a VCSEL 52 is associated with a 
photodiode 54 and with a partially reflective lens 56 that is 
mounted at an angle to a centerline 58 passing through the 
center of the housing structure and aligned with a beam of 
light emitted by the VCSEL 52. Light passes from the 
VCSEL 52 through the slanted lens 56 and another lens 60. 
the light then continues to pass upward in FIG. 5 and out of 
the housing 50. In certain applications of VCSELs, an 
optical fiber can be attached to the end of the housing 50 and 
be aligned with centerline 58 to receive light emitted by the 
VCSEL 52 for the purpose of communicating a digital 
signal. In order to monitor the output light signal from the 
VCSEL 52, a portion of the output light signal is reflected 
back by the slanted lens 56 toward the photodiode 54. This 
photodiode serves as a light sensitive component that 
receives the reflected signal. It should be understood that the 
slanted lens 56 is partially reflective and is provided so that 
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a ratio of the output light signal can be reflected back toward 
the photodiode 54 for the purposes of monitoring the output 
signal from the laser. As described above, the frequency 
response of the photodiode is not sufficiently high to respond 
to each change in magnitude of the digital light output 5 
signal. For example, the frequency of the digital output light 
signal can be approximately one gigahertz while the fre- 
quency response of a typical photodiode 54 is much less. As 
Ad result, the electrical monitoring signal provided by the 
photodiode 54 is, in effect, a signal that represents the 
averages power over time of the reflected signal. 

The challenge presented by a device such as that shown 
in FIG. 5 is to develop a method for controlling the output 
power of the VCSEL 52 by receiving only the average power 
signal P AVG from the photodiode 54. In view of the discus- ]S 
sion relating to FIGS. LA and IB and the later discussion 
with respect to FIGS. 4A and 4B, it can be realized that 
receipt of only an average power signal P AVG is generally 
insufficient to allow at control circuit to monitor and control 
both the bias current I B/AS and the modulation depth 42 2 q 
described above in conjunction with FIGS. 4A and 4B. The 
present invention provides that capability so that a control 
circuit can monitor and control the operation of the VCSEL 
by measuring the average power signal provided by the 
photodiode 54 in response to its receipt of at reflected ratio 25 
of the output signal from the VCSEL 52. 

FIG. 6 is a top view of the VCSEL structure 52 and 
photodiode structure 54 described above in conjunction with 
FIG. 5. The photodiode 54 is a region of the combined 
structure that receives light reflected from the slanted lens 30 
56. The VCSEL 52 emits light along centerline 58 described 
above in conjunction with FIG. 5. Four contact pads, 61-64, 
are provided to facilitate electrical communication between 
them components shown in FIG. 6 and external devices. 

For purposes of describing the steps of the present 35 
invention, FIG. 7 shows a digital light output signal 70 such 
as that which would typically be output by a laser in 
response to the receipt of a digital electrical input signal. 
FIG. 7 is generally similar to FIGS. 1A and IB, but is 
reproduced for the specific purpose of allowing later Figures 40 
to illustrate changes in various signals as a result of the 
manipulative steps of the present invention. The digital light 
output signal 70 comprises low magnitude portions 72 and 
high magnitude portions 74 which, combined together, rep- 
resent the high and low signals of at communication mes- 45 
sage such as that which is transmitted on optical fibers for 
use in various data communication systems, such as local 
area networks. The average power magnitude of the digital 
light output signal 70 is represented by the dashed line 76 
which is the average power 1? AVG of the digital signal 70, 50 
taken over time. If signal 70 is directed toward a photodiode, 
the frequency response of the photodiode would typically 
provide an electrical signal generally equivalent to dashed 
line 76 which is the average power of the light signal. 

FIG. 8 is a highly schematic illustration of the basic 55 
operation of the present invention. The VCSEL 52 emits 
light 80 in the direction of the slanted lens 56. A portion of 
the light passes through the slanted lens and is emitted from 
the laser housing as described in conjunction with FIG. 5. 
This emitted light is identified by reference numeral 82 in 60 
FIG. 8, A preselected portion of the emitted light 80 is 
reflected by the slanted lens 56 in the direction of the 
photodiode 54, This reflected light 84, which represents a 
fixed ratio of the total emitted light 80, is received by the 
photodiode 54 and, in response, the photodiode 54 provides 65 
a first electrical monitoring signal which is used by the 
present invention. The production of the monitoring signals 



will be described in greater detail below. FIG. 8 is intended 
to show the methods by which the various electrical moni- 
toring signals are produced. 

With continued reference to FIG. 8, reference numeral 90 
identifies a digital electrical input signal which is received 
by the VCSEL as an input. This digital current signal passes 
through the structure of the VCSEL 52, in normal 
applications, and results in a varying light emission 80 from 
the VCSEL. The digital electrical input signal 90 in FIG. 8 
is generally similar to the signal identified by reference 
numeral 40 in FIGS. 4A and 4B. The magnitude of modu- 
lation depth is controlled by a modulation depth controller 
92 which affects the amplification of signal 90 by amplifier 
94. The modulation depth controller 92 will be described in 
greater detail below. The output signal from amplifier 94 is 
used to control a high speed gate 96. A tone modulation 
source 98 provides a time varying signal, such as a sinu- 
soidal signal, to the high speed gate 96. The high speed gate 
96, which is controlled by the output of amplifier 94, 
provides a signal to a summing junction 104. The summing 
junction adds the output from a DC bias level controller 106 
to the output from the high speed gate 96, This output from 
the summing junction 104 is provided to a DC current source 
108 and is added, by a DC/data summing junction 110 to the 
output of amplifier 94. As a result, the time varying signal 
provided by the tone modulation source 98 can be added to 
the low magnitude portions of the amplified digital electrical 
input signal 90. 

With continued reference to FIG. 8, the output from the 
photodiode 54 is provided to a low pass filter 120 and a 
multiplier 122. The low pass filter allows the lower fre- 
quency component of the output from the photodiode 54 to 
pass to the modulation depth controller 92. As described 
above, it should be clearly understood that the signal from 
the photodiode 54 is, in effect, an average signal represent- 
ing the average power received by the photodiode. Even 
though the light intensity in reflected light 84 is rapidly 
changing, as represented by signal 70 in FIG. 7, the photo- 
diode 54 is unable to respond with sufficient speed to 
provide a signal that is accurately representative of the 
rapidly varying signal 70. Instead, it provides a signal to 
multiplier 122 and low pass filter 120 which is much more 
similar to the average power P AVG identified by dashed line 
76 in FIG. 7 or the dashed lines in FIGS. 1A and IB. 
However, it should also be understood that the average 
power provided as a first electrical monitoring signal by the 
photodiode 54 will be varying in response to the time 
varying portion of the signal caused by the summing of the 
time varying signal provided by the tone modulation source 
98 with the data input 90. Therefore, modulation depth 
controller 92 receives a signal from the low pass filter 120 
which is, in effect, an average of the signal received from the 
photodiode 54 which, in turn, represents the average power 
magnitude of the reflected light 84. The output from the 
photodiode 54 is also multiplied by the time varying signal, 
or tone signal, provided by the tone modulation source 98. 
This is performed by multiplier 122 and the resulting signal 
is transmitted to a low pass filter which, in effect, averages 
it to provide an output signal to the DC bias level controller 
106. 

In order to more clearly associate the terminology used to 
describe the present invention with the components shown 
in the highly schematic representation of FIG. 8, the first, 
second, third and fourth electrical monitoring signals are 
identified in FIG. 8 at the circuit locations where they could 
be monitored if desired. The first electrical monitoring signal 
141 is the output from the photodiode 54. As described 
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above, it represents the average power over time of the 
reflected light signal 84 because of the frequency response 
limitations of the photodiode. The output of the low pass 
filter 120 is the second electrical monitoring signal 142. In 
effect, it is the average over time of the first electrical 5 
monitoring signal 141. The third electrical monitoring signal 
143 is created by multiplying the first electrical monitoring 
signal 141 by the time varying signal from the tone modu- 
lation source 98. The fourth electrical monitoring signal 144 
is created by averaging the third electrical monitoring signal 
143 over time. This is accomplished by passing the signal 
through the low pass filter 130. The second electrical moni- 
toring signal 142 is used to control the modulation depth of 
the signal by the modulation depth controller 92. The fourth 
electrical monitoring signal 144 is used by the DC bias level J5 
controller 106 to regulate the bias current l B£AS . By control- 
ling the modulation depth and the DC bias level, the 
problems described above in conjunction with FIGS. 4Aand 
4B can be reduced or eliminated completely. The bias 
current can be regulated so that it closely matches the 2Q 
threshold current of the laser. As a result, light is extin- 
guished during the low magnitude portions of the digital 
electrical input signal and achieves an appropriate magni- 
tude during the high magnitudes portions of the digital 
electrical input signal. 25 

FIG. 9 shows a time varying signal 150 such as that which 
is produced by the tone modulation source 98 in FIG. 8. A 
typical frequency of the time varying signal 150 is approxi- 
mately one hundred kilohertz. In comparison, the data signal 
70 described above in conjunction with FIG. 7 has a 30 
frequency of approximately one gigahertz. The difference in 
these two frequencies is so great that illustration of the 
results used by the present invention is difficult. Therefore, 
it should be understood that the relative magnitudes of the 
frequencies of signals 70 and 150, as illustrated in FIGS. 7 3S 
and 9, are not accurately represented in the Figures. Instead, 
their relative magnitudes of frequency are intentionally 
altered to allow the present invention to be more clearly 
illustrated and represented in the Figures. 

With reference to FIGS, 7, 8 and 9, it should be under- 40 
stood that the time varying signal 150, or tone signal, 
provided by the tone modulation source 98 is added to the 
low magnitude portions of the data signal 90 by the sum- 
ming junction 110. It is first added to a DC bias level 
provided by controller 106. When the data signal is low, high 45 
speed gate 96 is switched on to allow the time varying signal 
to pass from the tone modulation source 98 to the summing 
junction 104. 

FIG. 10 shows the result of the summing junction 110 and 
the procedure described above. In FIG. 10, the signal 70 has 50 
the same magnitude at its high magnitude portion 74, but the 
low magnitude portions 72 are the result of the addition of 
the magnitude shown in FIG. 7 and the magnitude of the 
time varying signal shown in FIG. 9. FIG. 10 represents the 
current signal provided by the summing junction 110 to the 55 
VCSEL 52. 

FIG. 11 shows the reflected light signal 84 received by the 
photodiode 54. The reflected signal 84 is representative of 
the emitted light signal 80 which, in turn, is responsive to the 
current signal, provided to the VCSEL 52 by the summing 60 
junction 110. Also shown in FIG. 11 is the first electrical 
monitoring signal 141 which is output by the photodiode 54. 
It should be understood that, in FIG. 11, signal 84 represents 
the power magnitude variation in the reflected light signal 
84. The first electrical monitoring signal 141 is an electrical 65 
signal provided by the photodiode 54. These two signals, 
although existing in different domains, are shown in FIG. U 
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to illustrate this relationship between the signals. The first 
electrical monitoring signal 141 is provided as an output 
from the photodiode 54 in response to the light signal 84 
falling on the photodiode 54. 

FIG. 12 shows the third electrical monitoring signal 143 
that is provided as an output from multiplier 122 to the low 
pass filter 130. The fluctuating magnitude of the third 
electrical monitoring signal 143 results from the multipli- 
cation of the first electrical monitoring signal 141 by the 
time varying signal 150. 

FIG. 13 shows the first electrical monitoring signal 141 
and the second electrical monitoring signal 142. As 
described above, the low pass filter 120 receives the first 
electrical monitoring signal 141 as an input and provides the 
second electrical monitoring signal 142 as an output to the 
modulation depth controller 92. 

FIG. 14 illustrates the third electrical monitoring signal 
143 which is provided as an output from the multiplier 122 
to the input of low pass filter 130. Furthermore, FIG. 14 
shows the fourth electrical monitoring signal 144 which is 
the output from the low pass filter 130. It is provided as an 
input to the DC bias level controller 106. 

As described above, the basic principle of the present 
invention relates to adding a low amplitude, low frequency 
time varying current modulation 150 to the bias current l BIAS 
of VCSEL drive. In certain applications of the present 
invention, the frequency of the time varying signal can be 
approximately 1 MHz, but the only requirement of this 
frequency selection is that it be below the low frequency cut 
off of the data signal and faster than the response time of the 
mean power control circuit. The data modulation is used to 
control a high speed switch 96. It is therefore possible to gate 
the applied tone signal, or time varying signal 150, by 
passing it through the high speed switch in such a way that 
it is switched off when the data level is high and allowed to 
pass through the switch when the data level is low. This 
ensures that the time varying signal will only be present 
during the off state of the data pulses. In other words, the 
time varying signal is only added to the data signal during 
the low magnitude portions of the data signal. When the 
optical data stream 84 is reflected onto a low frequency 
photodiode 54, the data will be averaged because of the 
frequency response of the photodiode 54, but the time 
varying signal 150 will pass as a low frequency modulation 
on the average value. This can be phases synchronously 
detected by multiplying the recovered tone by the original 
tone, or time varying signal, to generate a signal whose 
amplitude is proportional to the fundamental frequency 
component of the recovered tone. This resulting signal is the 
third electrical monitoring signal 143 shown in FIG. 12. The 
only contribution to this signal tone is provided by the off 
state level of the laser output. If the low magnitude portions 
of the laser output signal lie above the threshold magnitude, 
the tone will be present in the recovered signal. However, as 
the bias level is reduced, the off state will eventually be 
reduced to a magnitude below threshold and will therefore 
be hard limited. This eliminates the tone recovered because 
a negative current passing through a VCSEL does not 
produce negative light. As the off state gradually passes 
through the threshold magnitude, the tone will be clipped, or 
cut off, and the fundamental frequency component will 
reduce in amplitude through a linear range. This relationship 
is shown in FIG. 15. 

If a very small amplitude of time varying signal 150 is 
used, the disappearance of the tone signal will more accu- 
rately represent the appropriate threshold magnitude. A 
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feedback loop can be constructed by comparing the level of 
the recovered tone signal to a threshold level and thus 
generating a feedback signal. The feedback loop will place 
the off state of the pulse precisely at the threshold or, 
alternatively, as close to the threshold as is desirable. There 5 
are several ways in which the recovered tone can be used to 
provide a control loop. 

FIG. 16 shows the fundamental frequency 160 of the tone 
signal, or time varying signal 150, the second harmonic 162 
and the third harmonic 163. The second harmonic 162 io 
provides a clear indication of where the threshold occurs 
because it has a peak at that point. However, this signal is 
symmetrical about the threshold value and therefore does 
not generate appropriate information for the control loop in 
order to determine which way, above or below the threshold, 15 
the control loop should drive the signal. A concern with this 
signal, if used as a control signal, is that if some event causes 
the controller to move outside the control range, particularly 
to the high bias side, there is no signal to cause it to return 
the system to the control range. This could be provided by 20 
the fundamental frequency 160 since it, contains informa- 
tion concerning which side of the control point the signal is 
on. The use of the third harmonic 163 and this fundamental 
frequency 160 for these purposes is preferable. The control 
loop could use the output of the third harmonic 163 or first 25 
harmonic 160 or any combination of harmonics that permit 
the control circuit to detect when the threshold has been 
reached. The error signal generated could then be fed back 
to the DC bias control in order to maintain the pulse off state 
at the threshold. The mean power can also be detected and 30 
its value compared to a desired level, the error signal thus 
generated could be applied to the depth of modulation 
control and, therefore, could maintain the constant depth of 
modulation. These two control loops could interact and it is 
therefore essential that their time constants be set in such a 35 
way that the mean power control loop has the slowest time 
constant. This would allow it to maintain power control, but 
would not be able to follow the tone modulation. The tone 
modulation would preferably have a time constant approxi- 
mately ten times faster than the mean power control loop. 40 
However, these relative magnitudes of time constant are not 
limiting to the present invention. 

FIG. 17 is a schematic representation of one possible • 
control circuit that could be used in conjunction with the 
present invention in order to perform certain steps of the 45 
method. The first monitoring signal 141 is applied to ampli- 
fier 340 and passed to a buffer 234 which allows the signal 
to be split into two identical parts. One part is fed to mixer 
250 which multiplies it with the tone produced in oscillator 
200 to produce the third monitoring signal 143. The third 50 
monitoring signal 143 is then passed to filter 208 to remove 
any high frequency components and pass only the DC level 
portion of the signal which is the fourth monitoring signal 
144. This signal is passed to limiting amplifier 216 which 
compares the signal to a threshold level supplied on pin limit 55 
set. If the output of 208 is greater than the threshold level, 
the signal is driven negative, and vice versa if the output of 
208 is less than the threshold providing a signal which 
contains information determining which side of the thresh- 
old limit the signal lies. The signal is then sent to a bias 60 
control circuit 220 which is essentially a voltage controlled 
amplifier whose operation can be understood as a circuit 
which produces a variable output current in response to a 
variable input voltage. The output of buffer 234 is also 
passed to a low pass filter 204 which averages the signal and 65 
passes this average level to modulation depth controller 224 
in such a way that the output of 224 is a signal whose peak 
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to peak swing amplitude is controlled by the by the output 
level voltage of the low pass filter 204. The pin Mod set 
gives the reference level for the modulation controller 224. 
The modulation controller 224 compares the signal from 204 
with this reference level and adjusts the depth of modulation 
to maintain the signals equal. Components 212, 266, 270, 
228 are not essential to the, operation of the controller and 
simply supply voltage stabilizing circuitry and eye safety 
shut down features. Components 260 set the oscillation 
frequency of the tone. 

Although the present invention has been described to 
illustrate a specific embodiment, it should be understood that 
alternative embodiments are also within its scope. In 
addition, the particular manner in which the first, second, 
third and fourth electrical monitoring signals are used by the 
present invention should not be considered limiting to its 
method because alternative techniques are known to those 
skilled in the art. 

The embodiments of the invention in which an exclusive 
property or right is claimed are defined as follows: 

1. A method for controlling the operation of a type of laser 
which provides a digital light output signal in response to 
receiving a digital electrical input signal which consists of 
low magnitude portions and high magnitude portions, com- 
prising: 

adding a time varying signal to said low magnitude 
portions of said digital electrical input signal; 

causing a representative ratio of said digital light output 
signal to be received by a light sensitive component; 

providing a first electrical monitoring signal from said 
light sensitive component which is representative of an 
average value of said digital light output signal over 
time, said light sensitive component having a frequency 
response such that said time varying signal portion of 
said representative ratio of said digital light output 
signal passes and is represented by said first electrical 
monitoring signal and the changes of said representa- 
tive ratio between said high magnitude portions and 
said low magnitude portions do not pass and are not 
represented by said first electrical monitoring signal; 

averaging said first electrical monitoring signal over time 
to provide a second electrical monitoring signal; 

multiplying said first electrical monitoring signal by said 
time varying signal to provide a third electrical moni- 
toring signal; 

averaging said third electrical monitoring signal over time 
to provide a fourth electrical monitoring signal; and 

controlling the magnitude of said low magnitude portions 
of said digital electrical input signal and the differential 
magnitude between said low magnitude portions and 
said high magnitude portions of said digital electrical 
input signal as a function of said second electrical 
monitoring signal and said fourth electrical monitoring 
signal. 

2. The method of claim 1, wherein: 
said time varying signal is sinusoidal, 

3. The method of claim 1, wherein: 

said laser is a vertical cavity surface emitting laser. 

4. The method of claim 1, wherein: 

said adding step limits the addition of said time varying 
signal to a preselected section of each of said low 
magnitude portions. 

5. The method of claim 4, wherein: 

said preselected section is separated by time by a prede- 
termined period from the immediately preceding high 
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magnitude portion of said digital electrical input signal 
and the immediately succeeding high magnitude por- 
tion of said digital electrical input signal. 

6. The method of claim 1, wherein: 

said adding step further comprises adding a signal to the 5 
high magnitude portions of said digital electrical input 
signal which is 180 degrees out of phase with said time 
varying signal. 

7. The method of claim 1, wherein: 

said adding step further comprises adding a signal to the 10 
high magnitude portions of said digital electrical input 
signal which is 90 degrees out of phase with said time 
varying signal. 

8. The method of claim 1 wherein: 

said adding step further comprises adding a signal to the 15 
high magnitude portions of said digital electrical input 
signal which is out of phase with said time varying 
signal by a preselected magnitude of degrees. 

9. The method of claim 1, wherein: 

20 

said causing step comprises the step of providing a 
partially reflective lens through which said digital light 
output signal passes and from which said representative 
ratio of said digital light output signal is reflected. 

10. The method of claim 1, wherein: 25 
said light sensitive component is a photodiode. 

11. A method for controlling the operation of a type of 
laser which provides a digital light output signal in response 
to receiving a digital electrical input signal which consists of 
low magnitude portions and high magnitude portions, com- 30 
prising; 

adding a time varying signal to said low magnitude 
portions of said digital electrical input signal, said time 
varying signal being sinusoidal; 

causing a representative ratio of said digital light output 35 
signal to be received by a light sensitive component; 

providing a first electrical monitoring signal from said 
light sensitive component which is representative of an 
average value of said digital light output signal over 
time, said light sensitive component having a frequency 40 
response such that said time varying signal portion of 
said representative ratio of said digital light output 
signal passes and is represented by said first electrical 
monitoring signal and the changes of said representa- 
tive ratio between said high magnitude portions and 45 
said low magnitude portions do not pass and are not 
represented by said first electrical monitoring signal; 

averaging said first electrical monitoring signal over time 
to provide a second electrical monitoring signal; 

multiplying said first electrical monitoring signal by said 50 
time varying signal to provide a third electrical moni- 
toring signal; 

averaging said third electrical monitoring signal over time 
to provide a fourth electrical monitoring signal; and 5S 

controlling the magnitude of said low magnitude portions 
of said digital electrical input signal and the differential 
magnitude between said low magnitude portions and 
said high magnitude portions of said digital electrical 
input signal as a function of said second electrical 60 
monitoring signal and said fourth electrical monitoring 
signal. 

12. The method of claim 11, wherein: 

said laser is a vertical cavity surface emitting laser; and 
said adding step limits the addition of said time varying 65 

signal to a preselected section of each of said low 

magnitude portions. 
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13. The method of claim 12, wherein: 

said preselected section is separated by time by a prede- 
termined period from the immediately preceding high 
magnitude portion of said digital electrical input signal 
and the immediately succeeding high magnitude por- 
tion of said digital electrical input signal. 

14. The method of claim 11, wherein: 

said adding step further comprises adding a signal to the 
high magnitude portions of said digital electrical input 
signal which is 180 degrees out of phase with said time 
varying signal. 

15. The method of claim 11, wherein: 

said adding step further comprises adding a signal to the 
high magnitude portions of said digital electrical input 
signal which is 90 degrees out of phase with said time 
varying signal. 

16. The method of claim 11, wherein: 

said adding step further comprises adding a signal to the 
high magnitude portions of said digital electrical input 
signal which is out of phase with said time varying 
signal by a preselected magnitude of degrees. 

17. The method of claim 11, wherein: 

said causing step comprises the step of providing a 
partially reflective lens through which said digital light 
output signal passes and from which said representative 
ratio of said digital light output signal is reflected. 

18. The method of claim 11, wherein: 

said light sensitive component is a photodiode. 

19. A method for controlling the operation of a type of 
laser which provides a digital light output signal in response 
to receiving a digital electrical input signal which consists of 
low magnitude portions and high magnitude portions, com- 
prising: 

adding a time varying signal to said low magnitude 
portions of said digital electrical input signal, said time 
signal being sinusoidal; 

causing a representative ratio of said digital light output 
signal to be received by a light sensitive component, 
said light sensitive component being a photodiode; 

providing a first electrical monitoring signal from said 
light sensitive component which is representative of an 
average value of said digital light output signal over 
time, said light sensitive component having a frequency 
response such that said time varying signal portion of 
said representative ratio of said digital light output 
signal passes and is represented by said first electrical 
monitoring signal and the changes of said representa- 
tive ratio between said high magnitude portions arm 
said low magnitude portions do not pass and are not 
represented by said first electrical monitoring signal, 
said laser being a vertical cavity surface emitting laser, 
said adding step limiting the addition of said time 
varying signal to a preselected section of each of said 
low magnitude portions, said preselected section being 
separated by time by a predetermined period from the 
immediately preceding high magnitude portion of said 
digital electrical input signal and the immediately suc- 
ceeding high magnitude portion of said digital electri- 
cal input signal; 

averaging said first electrical monitoring signal over time 
to provide a second electrical monitoring signal; 

multiplying said first electrical monitoring signal by said 
time varying signal to provide a third electrical moni- 
toring signal; 

averaging said third electrical monitoring signal over time 
to provide a fourth electrical monitoring signal; and 
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controlling the magnitude of said low magnitude portions 
of said digital electrical input signal and the differential 
magnitude between said low magnitude portions and 
said high magnitude portions of said digital electrical 
input signal as a function of said second electrical 
monitoring signal and said fourth electrical monitoring 
signal. 
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20. The method of claim 19, wherein: 

said adding step further comprises adding a signal to the 
high magnitude portions of said digital electrical input 
signal which is out of phase with said time varying 
signal by a preselected magnitude of degrees. 
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